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ABSTRAOT

Flow patterns developed by the inclined slot aiyr ;jeLf,s »
injected in a main air stream flowing at different velocities from
132.5 = 208 feot pér sscond in a four-inch square duct, were studied
from mmerous pressure probe readings. Velocity profiles across the
width of the ducf. at various positions were obtaired fram the readings )
on & recorder chart, given by the travelling probe,

An elliptical shaped zone of air mcirculat.%lon was indicated
from the velocity readings at different points, |

Severaﬁ correlations were obtained to predict the area and the
position of the zone of recirculation, when the fluig properties in the
,jet; stream and the main stream are known.

From the date obtained in this experiment, the ai:zﬁ.laﬁty
drawn between the jet fluid obstruction and the bluff-body obstruction,
seened to be somewhat questionable,
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INTRODUCTION

One of the major problems of combustion in a Mgh velocity gas
stream 18 to maintain e stable flam. The flame tends to blow off after
a certain velocity of the main siream is attained, Thuz in recent years

much gtudles have been made on the phenanenon of flame stabilization,
The established method of obtaining flame stabilization is
known as bluff body flame stabilization. In this technique a bluff body
of suitsble gemmeirical shape 15 placed in the main stream, and thereby
it creates a physical obstruction 4o the waln flows The existence of
the blaff body ‘l%huB gives a gone of recirculation behdnd its wakes The
fiow in this mone of recirculation 48 very mich different than that in
the main stream. Hence a Stable flame can be maintaired in tils zome of
recirculation; and this flaxe then helps to ignite the surrcunding
siream, However, this Lluff body method of flame stabilization has the
following dissdvantages, which should be reduced or eliminated,

a) Much pressure energy is logt by the drag of the bluff body.
b) The dimensions of the Bluff body depend on the main stream vélecity.
e¢) The existence of 2 bluff body in the centre of a cambustion duct
brings in much mechanical complications,
Hence the ideal properties of a flameholder should be as follows:
a) The flamsholder should be removable, when the main stream flow is low
enough to have no requirement of flame stabilizatiane




b) The flameholder should have variable properties with regard to
pressure loss, so that by adjusting the flameholder the pressure
loss would be the minimum required,

The requivements of the above two properties bring in the idea
of gas Jets, which can be both variable and removable, as fleme stabilie~

- 28X

Purpose and Scopo of Investigation

Gas Jot# can be put through slots at the centre of the main-
streanm flow,. Hq@zavar, this arrangement again brings some mechanical
complication of the operating system. Whefeas, if the jJet is injected
from the centre of ﬂm wall of the flow systemy, no such camplication is
encountered,

Une important thing that ore should bear in mind at the very
begirning is that for flame stabilization the creation of a recirculation
zone in the wake of a flamsholder is only & necessary, but by no means
sufficient, condition. The engineering aspects of flsme stabdligation
fall into two main categories,

&) The finid dynamics aspect
b) The chemical-kinetics aspect.

The existence of a recirculation zone only satisfies the £iuid-
dynandes aspect of fleme stabilizstion. Thus e recirenlation zone does
not necessarily guapantee a stabdlized fame. On the other hand, without
a recirculation zone flame stabilization is not posaible,

In this investigation, mainly the flow characteristic. in tie




wake of a rectangular siot jet was studied. The angle of injection of
the jet was at 45°, directed against the direction of the unidimensional
main strean flowe Alr was the experimental fluid in both the mein and

Jet sitreams.
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LITERATURE SURVEY

Earlior studies concermed with the injection of fiuld jot in a
ruain stroam ware done mainly to observe the diffusicn of the Jet £fluid
in the main sircars Here the maln concern was to obtain the outer bourne
dary of jot flow path, by various experimental techniques,

Chiltoiz and Generaux (1) studied photographically the mixing
elfect of two dimensional slot jete in & 1.75" diameter glase tubas using
carbon dioxide, sulfur dioxids, mitrogen or air, both & the jet flutd
and the main fluide Titanium tetrachloride was added to the jet gas to
produce a visiblo snokes They coneluded that the ratio of the mess
velocity of the main stream gas to the mass veloclty of the jet stream
gas is the most importent factor governing the quality of mixing, and
suggested that with an ordinery T~connection good mixing can be obtained.
by meking the mase velocity of the added stream two to thres times that
in the main stremm.

Hawthorne, Rozers and Zackzek (2) studied the penetration and
mixing of a Jet of cold air issuing through & hole in the wall of a I
squars duct carrying hot air. Temperature rake moasurements, shadow-
graph amd schlirien photqgraphs were taken. The penstration increased
if another rod or Jet ‘was placed immediately upstream. A jet from a
square hole gave the gams penetration as the Jet from a circular hole of
fams area. The Jet from the rectangular hole penetrated more in the
main stream when placed with its lJong side :}.n the directicn of the m_ain
stream flow, and penetrated less when placed transversoly.
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Chelko (3) studied the penetration of water jets imto a high
velocity alr etreum. Penetration readings wers taken photographically
through the transparent tunnel walls made of lucite. The zir veloelty
vas maintained constant at 742 feet per second while the Jjet velocities
varied from 168,11 to 229 feet per second. The range of the jet disme-
ters was from .0135 inch to 40825 inch. By means of dimensional analye
sis, he obtained the following correlation frau his sxperimental
readings. ' .

- - #22
Loy« diso (i)™ oy ™ & (1)

whers / s  the penetration length
S = the m.{xing distance, which is the horizontal distance from
the point of injection to the point where the penetration
length is being measured.
Vy Py Dy = refeor to velocity, density and diameter, respectively.
Subseripts O and J - refer to the mein fuild and jet fuid,
respectively.
Callaghan and Buggeri (L) studied the penmetration of circular air jets
injected perpendicularly to the maln air stream. Hob air jets were used
ardl the penetration was measured by means of thermocouple rake. They
defined the perstration point as the point where the temperature is 1°F
above the free strean total temperature. Velocity of the alr streanm
used was from 260 to 360 feet per second, and the air jet temperature
was LOO®F. Four different jets of diameters o257, 375", 500", 625"




wore usede The final correlstion given by them uweing the same nomenclae
ture as Chelko (3), is

v 1065 p4 v S .
(ég) a 2.915-2-;& 5 (2)

Callaghan and Bowden (5) studied the penetration of ajr jefs
issuing from circular, square and elliptical orifices directed perpendi-
cularly to the main stream. They concluded that _

a) Greater penetrations were obtained with square orifices than with
circular orifices of equal area.

b) At low th velocities and low Jet pressures, greater penetrations
were obtaired with the sguare orifices and the elliptical orifices
having an axis ratioc of Ahzl than with other orifices investigated,

o) The square orifices gave the best penetrations at the higher values
of tunrel air velocitles and jot total pressurese

The experimental conditions in this etudy were
a) Tumnnsl air velccities - 160, 275 and 330 fect per seconde
b) Circular orifice diameters ~ 375", #500%, .625%,
¢) Fllipse axis ratios = 231 and Lsl.

d) Areas of squares and ellipses = Area of 375" diameter aund »625"
diameter circles.

Miller, Foster, Ross and Wohl (6) observed the mixing of air
stream with a Jet of sarbon dioxide in square ducts of 1, 2", and 3"

square arsas. In soms experiments also the roles of the gases were




inverted, i.e. carbon dioxide was used as the main stream and air as the
Jet stream. Experimentszl data were taken by means of shadow photographs
and also by chemical analysise Circular, square and rectangular injece

tors were usede The correlation obtuained wasg

PO = Kp/Ry® Ry (3)

where By = nass velocity ratio of the side stream to the rain stream
Ry = volume fiow ratic of the side stream to the main stresm
P = the longitudiﬁal distance betwesn the jet and the place
where the Jet just reachss the top wall or roof (this
pa;t'mxxeter is a measure of the stiffness of the jet or its
Tesistance to being bant) |
D = diametor of the main duct in inckes
Kp = constant
Gordier (7) used a 12" x 18" gravity water tupnel (water flow
maintained by the force of gravity)e The jet liquid was tap water and
the tunnel liquid was river water. Dye was injected to the jet liquid
and both water and water-alr mixture were used ag Jetse Data were taken
photographically with the help of the coloured water jets, FPhotographs
of both the vertical penetration and the lateral ospread of the jet were
takens From his esxperimental data, CGordier concluded that
a) the tests conducted in & water tunnel verified the HeAsCale (L)
penetration data at Jet to chamnel velocity ratics less than Bix,
At higher values of the said ratic a secordery effect other than- jet

S B L ey
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Reynolds mumber 1o present to cause deeper penstration than pre-
viously predicted (4).

b) the maxiwum lateral spread of liquid jets diseharging-int;o the same
liquid is gizfen by

039

Z/0 = Q.6 v.,/v{, (s/D) (k)

where 2 = one half the maxizrum Jet width at a distance downstream
Vo » main tunnel liquid velocity
D = Jjet diameter
Vj oz 'j;t liquid velocity

Chakko (8) injected hot subsonic jets into cold air streams
and measured the penetration by meaus of thermocoupls, From his data he

gave the following correlation:

612 265

HofDy = oSUS (V3/W0) (To/73)" "7 (5/04) (s)

where H, = penetration length of the hot Jet
Dy = Jet diameter
¥y = Jot velocity
V5 = mainstream velocity
7, * mainstream fluid temperature
Tj = Jet fluld temperature
8 = the mixing distance




Beauregard (%) also used temperature rake to measure ths penee
tration of eold air jet in hot high velocity main anf gtream, From his
data he produced many curves showing the actual penetration, |

Ehrich (10) used the potential flow theory for his analysis of
the dynamics of siot and orifice jets injected at differemt angles to
the main stream ﬂot-z. Hles analyslis showed gualitative agreement wuith
Callaghan ard Ruggerits (L) data for jJet penetrations

Frager (11) also analysed the perctration of circular jets at
right angles to the maln stream flow, and agreed with Callaghan and
Ruggerits (L) datas

When high epeed combustion took its important place in techno-
logy due to the rapid advance of jet engines, much research work was
started on the flame stabllization in high speed flowe It was known
long ago (12) from the study of fluid dymamics that recirculation of
fluid flow takes place in the wake of & bluff body when it is placed in
& high veloclty fiuid strosme

In order to understand the action of bluffl body {lameholders,
ons should consider some facts concerming the flow of fiuid around a
30lid obstacle, e.8. & oylinder in a strean, At the upstream face of
the cylinder the fluid ié dammed up so that the stream tubes enlarge in
cross sections the velocity decreases and the pressure increases accore
ding to Bernoullits principle. The stagnation point where the fiuid
comes entirely 4o rest and the pressure attains a maxioum is at the
cylinder surface in the centre of the dammed up regicne The Llow around




the cylinder is accelerated by the pressure developed; and as the fwid
accelerates the pressure decreases. When the flow arcund the cylimder
becomes parallsl to the main stream flow, maxivmm veloelty and minipuom
pressure are obtai;iéd. The flow would close up behind the cylinder in
the same way as it opened up in the front, in the case of ideal frictione
less fluid in poﬁential flow, TFor real fluids such svumetry is not obe
tained because a retarded boundary layer is formed at the surface of the
body. This retarded boundary layer does not change the flow character
on the upstreen side, as the pressure gradient acts in the direction of
motion. Werea's‘:‘. or the downstream side tho retardation of the fiuid
affects the slower incving particles in the boundary layer more strongly
than the particles in external flowe Hhile the latter are emsbled by
their greater supply of ikinetic energy to flow on, the former cannot
overcame the opposing pressure graﬁient and finally, when all their
kinetic enmergy Las been consumed, they are made to turn backe Thus
there occurs a flow in the reverse direction close to the boundary.
More and more retarded fluid is piled up in a short time between the
boundary and the external flow, so that the backwerd flow rapidly broa=
dens out and the external flow becomes detached from the boundary. The
layer of dlscontimmity then rapidly colls itself up into an eddy. The
retarded material which is thus set in rotation as a result of friction
1s partly retalned in the core of the eddy.

I£ the Reynolds mmber is sufficiently low, the eddies do not
gyow indefimitely, but form two symmetrical stamding vortices st the.




..13-

dovmstrean face which rotates in roller bearing fashion {13)., W.th
further increase in Reynolds pumbey, an increase in etagnation pressure
takes place which causes the vortices to increase in.sisse. \Thé vortices
elongate, eventually beccme distorted and Lreak down, Ultimately vore
tices are shed alterrately end at regular intervals fron the sides of
the cylinder, forning the well known Xarman vortex street described in
fluid dynamics text books,

At a still higher Reynolds number of about Zl.‘(tlS s anoiher impore
tant change in the flow patiern ocours - the boundary layer becomes tupe
tulent and the point of detachment shifts 1‘qrther upstreans

Hhen a combustion wave attaches itsolf to an obstecle in the

streem, a decreasse of the downstrean stagnation pressvre ogours as a

result of pressure drop across the wavee Thus, flame attachment acts in .

a8 way similar to reduction of Reynolds number, This mechamsn readily
explaing the reduction of eddy size on flame attaclments Scurlock (1h)
used flames of city pas or propane with air produced in a transparent
rectangular duct 3" by I croms section end about 16" longs The ges
mixture was led into a calming chambor in which the flow cross section
expanded from a 2" square section to & 15" square section over a length
of 36" and residual turbulorce wes dampened by a series of fine wire
Screcnse From the calming chsmber the misture was led through contrace
tion to the observation sections The flame was stabvilized V-shaped about
80 mesh diametors from the turbulence producirg screens on varicus

obetructionss Under Seurlock's (i) exporimental corditions, it was

<




found that eddies were shed frem the stabilizers before ignition, but no
eddy shedding took Plice once the flame was formed,

Willians, Hottel and Scurlock (1) also studied the sbabiliza
tion effects of variously shaped cbjects, such as rods and gutters,
placed perpendicularly to the gas flow, They observed that there exists
& region of high shear mtresses betwesn the mixture stream moving rapide-
1y and the fluid decelerated in the boundary lgyer formed on the bluff
bodye. fThewe shear stresses cause the shedding of eddies downatream of
the flame holder, and there occurs a roversed flow,

Sore exploratory work on the .{'3.0%:. in the wake of baffles was
performed by Nicholson and Fields (16)s They studied the intensity of
mixing in the wake of baffles by taking high spsed motion picturess The
characteristic light emitted by asclium vapour wag used as tracerse In
their experiment they found that for g 0s75% gutier placed in the main
Stream of 200 feet per second velocity, the average residence time of &
particle in the recirculation zone was .008 seconds The sodium vapour
from ths particlas entering into the recireculation zone diffused copie
Pletely throughout the zone in about o002 second, Thus the ratic of
the mixing time to the residence time was found to be about 1 in L0,

Longwell, Frost and Weiss (17) studied same detail of combuse
ticn in the wake of V-sheped baffle. They measured the canbusticn effi-
ciency by taking time average measurements of axygen consumption in
stolchiometric fuel-air mixture. A combustion zone of Xigh efficiency
Spproximately the width of the baffle seemed to exist in the wake of ihe




baffles This zone narrows down in the immediate downstrean, but further
downstream it expands again, By probing wdth a salt covered rod it was
found that the combustion gone upstream of the rod ﬁas colmzréd yellow
if the rod was not more than about 10.5" downstream of the baffle. This
gave 8 mcircnla’qicn zone length of L~S baffle diameters for the 21 /m
gutter useds It wes felt thet this general pattern is typical of large
size baffles placed in high velocity air streans.

Zukoshl and Marble (18) injected salt water solution froam a
very small fube and at low velocity into the wake of rod flame stabili-
%ere The resulbing flow pattern was photographed and observed. They
were mainly interested in the length of tﬁe recirounlation zone, which
they defined. wiith great accuracy considering the complexity and irregue-
larity of the weke flowe When the salt solution was injected downstreanm
of the end of the recirculation zone, no luminar material appeared in .
the vicinmity of the flameholders If the point of injection was moved
slightly forward, the entire recirculation zone appeared luminouse
According to them, the length of the recirculation zone was found to
vary as the square root of the charascteristic flameholder dimension.
They defined the ignition delgy time or the characteristic time T as

L
T = s, (6)
where Vg, = blowofl velcocity determined experimentally
1 = recirculation length
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The blowoff condition is then defined by
v : .
R -1 _ (7)

Zukoskl and Marble (18) suggested that the flow immediately downstream
of 'l;he i‘lameholdé: is laminar at low Reynolds mumber, and in this case
mass transport into the wake of the flameholder occurs by molecular dif-
fusion. Whereas at high Reynolds mumber, when the fiow is turbulent,
mass transport by turbulent exchange occurse

Weatenberg, Berl and Rice (19) gave the results of helium
tracer and combustion efficiency measurements made in the wake of a
comical, l-inch flameholder. The studies were carried out in very lean
pentane-air flames stabilized at the exit of a é-inch pipe in flows of
20 and 53 meters per second. The data obtained were interpreted as
showing the lack of violent mixing existing in the recirculation zone,
and the significance of the results were discussed qualitatively in the
light of variocus theoretical models which had been proposed. Some addi=-
tional experiments on stability and recirculation zone length were
discussed briefly,

Williams and Maddocks (20) discussed the effect of stabilizer
dimensions. They used rod flameholders of 1/5C" diameter to 1/2 diameter,
and concluded that
a) Increase in rod diameter results in a reduction of the rich 5tability

limit and of the maximum attainable velocitye




b) Increase in rod dlameter results in a curtailing of the lean limit
of vod gizes up to 1/L" diameter and an extension of the lean limit
for reds of larger diawsters | )

Milkerson and Fenn {21) determined the effect of flameholder
geanetry on cum!?uation efficiency in ducted burners. Stoichiometric
mixtures of air and pentans at a flow rate of sbout 85 1lbse per second
was passed through a two-inch round ducts The i‘lamelwldér was a thirty
degree cone whose diamster was varied from Oe5 0 14125 inches. The
ability of verious flamehoclder configurations to mix with the pilot heat
with ths stroam was determined by means of thermocouple traveraes downe
stream of the igniter structure with the air flowing through the burner
and only the pilé'b barminge A runber K, with the dimensions of conduce
tivity, and in effect the diffusiviity of the stream, was thus esscelated
with each configuration. A simple correlation between X and the combuse
tion efficiency was then possibles K was defined as

K 'Ex%x'w' (8)

where g = rate of heat input in BTU/sec.
X = distance in inches along burner axis downstream from igniter
T = ‘temperature at distance X in degree Fahrenheite

The final corrolation was given by

2 1
B o S By (%)

theoretical pilot heat < 100

where h = ot heat per cent =
il Fe theoretical fuel heat




The evaluation of € was by trial and error. 4 value of 106
fitted the data very well, _

The quantities 4y ® and R have the same meaning as in Arrhenius
rate squation,

Dezubégy (22) attempted to establish the groups of variables
expected to control flame stability. Us gave a cérrelatian showing the
effoct of baffle diamoter, pressure, and mixture velocity using propane
a5 fuels Fuel-air ratio at blowout was plotted as a function of the
dimensional group V/P'gs D.GS where |
D = the diaietor of the circular flat disks used to stabilize the

£lame
V = wvelocity past the baffle
P = pressure
T = gabsolute temperamre.
Larger disks, higher pressures and lower velocitics gave wide stability
limits and a maximum value of the above group for stuble operation was
found in the reglon of stoichicmetrie amount of fueleair ratio,

Haddeck (23) alsoc gave corrslations of the effect of flame=
holder diameter and blowout velecity. Cylirnders with axis perpendicular
to the flow and of diameters «h9L to 489 inch were used as stabilizerse
The velocity of the Cg4~Cg fuel ranged Lrom &0 to 740 feet per second.
He recommended the correlating group to be V/D's.

Iongwell, Chenevey, Clark, and Frost (2h) used cylinders
(oxis parallel to flow), cones, annull Tegutters as fleme stabiliz:érs;

ca




the Cg=Cg fuel mixture veloeity ranged from 200 o 950 fest per second,
They recommended the correlating group to be v/, D being the charac-
teristic dimension.

Williem, Woo and Shipman (25) studied the boundary layer
effects on stability characteristics of bluff-tody flameholders. They
coneluded that tids role of boundary layer is twofolds The aerodynamic
character of the zore of contact between the burned gas and in the imme-
diate wake of the stabilizer and the unbmrned feed stream gas is detere
mined by the boundary layer; and also the presence of the boundary layer
means that the-unturned gases coming into the zome of Anitial combustion
have been preheateds The rslatively slowi movement of the boundary layer
only influences tﬁa charscter of the zone of contact between the burned
end uabturned gase. This dusl role is further confirmed by the effect of
the boundary lgyer removal on the stabillty limitse .

The idea of a rotating flamcholder was experimented by Grover,
Kesler and Scurlock (26)e The flomeholder used was a metal cylinder
placed longitudinally in the fuel stream. The combustion efficiency
increased with increased rate of rotation; and the flame shape was
belicale Power loss was less than that due to the axial drage However,
the wein disadvantage experlenced was that the stakility limits were
narroweds

Recessed ducts in the wall of the combustion tunnel as a means
of creating flame stabllization was tried by Huellmantel, Ziemer, and
Cambel (27)e This device provided an ignition nuclous. Howevers the




main disadvantage of this scheme wes the ereating of high temperatures
&t the wall,

Spalding (28) put forwand the idea of creeting @ zome of roe
elrculation as in the case of a bluff-body flamsholder by purely asercdye
namics means. He suggested the injection of a jet normal to the main
gas stream fow, ” This method has the advantages of casy control of the
recirculation zone independent of the main stream properties,

Shepherd (29) studied flame stabllization by means of anmulay
flvid jetse He obtained flame sia vabilization data for propane=air mixe
tures in an anmlar duct, the stabi]ization ‘being obtained by the
injection of pure a.ir or of a stoichiomtric ropane~air mixture perpen-
dicularly outwards into the main stream from the inner tube of the
anmilus, The annulay injection gap width varied from o010 to .‘030 in, _
The duct was 24375 in, I.De with the irmer injection tube 1/2 in, in
diameters He concluded that flame atabiliz‘ation iz possible by means of
anmular fluid Jets with relatively narrow injection widths and iow rate
of injection flow,

Dutta, Martin, and Moore (30) also made a study of flame sta-
bility in ducts by injecting Jets perpendicularly imvards into the main
streans The main burner tube consisted of two lengths of stainless steel
tubing 10375 in. internal dismetore An adjustable anmilar gap was
axranged by separating the burner tubes with the help of threaded sleeve,
The gap could be supplied with either a motered stream of air or a
combustible mixtures Their rosults agreed to those obtained in the |
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parailel investigation by Shepherd (29).

4 correlation betwesn jet velocity and the main atream velocity
at blowout applied over a range of jeit velocities and Jet widths, Cere
taln similarities had been shown %o exist between the jet stabilized
systen and conventional blufi-body stabilizers by correlating the
results in terms of Peclet mmbers.

& discussion of high intensity combustion systems with recire
culation by means of induced sir has been given Yy Clarke (31).

Schaffer and Cambel (32, 33) found that the performance of an
opposing Jet flsmeholder is better than some types of physical flame-
holders, undern certain circunstancess They also observed that the blowe
out curves could be shifted coneiderably by using fuel-air jets. They
introduced the cencept of the eritical zone, defined by them as a small
pilot reactor.from w_hiu;x pm flame spreads; and they suggested that the
conditions in this zome determine whether or not the flame will be
gtabllizeds

The effect of jet size and jet pressurs on the flame stabilie
zation of an opposing Jet using a propane-air mixiure az the jJet fluid
was studied by Pohlmamnm (3h)e

Golitzire (35) found that kerosens, injecied upstream by an
air jet, would produce flame stabdlity without the use of baffles in the
main alr streame. The flame stability limits were found to be narrowed
by an increase in main stream velocity, as woll as by a decrease in main
strean static pressure; the stability limits were found to be widened by
an incresse in aly blant pressure and {lowe
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From their study of flame stabilizing effects of inclined air
Jets, Duclos, Schaffer and Cembel (36) arrived at the following conclu~
sions. |
8) The flame holding sbility of the single opposing jet tested decren-

sed rapidly with the increase of the incidence angle from 0°,

b) Multiple mh-caverging Jets did not give better resuvlts than s
single jet at the same angle, although when the jobs converge at a
glven angle, the flame bolding ability improved freatly.

Bertin and Salmon {37) investigated the apélicatiom of trang-
verse air jots as flame stabilizers. Satisfactory results werc obteained,
both at sea level ard at altitude, when the process was applied to a
turto=jet engine afterburnors a fluid baffle rather than a simple fluid
Jet was used as the stabilizer, The totsl and the static pressures in
the flow stream in the experimentel duct were given by a complets set of

pressure probes mounted on a movable board,
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EXPERIMENTAYL DETATLS

The squipment. used in the whole experimental setup may be
grouped undey the following headinged
(1) Main Alr Flow Equipment:
(2) Jet Alr ¥low Equirment
(3) Device For Takins: Experimontal Readingse.

(1) HMein Air Flow Eouipments
A - The Blower - The capacity of the Buffalo High Pressure

Blower of model number 28LU-DBS used for supplying the main stream was
one thousand cubic feet per minute at forty-five inches of watere This
was capable of pro&ucing a maximum velocity of about 250 feet per second
through the experimental ducte The amount of sir supplied by the blower
was controlled by an inlet dampers '
B =« Sound Proofing - As the blower for the main alr supply

produced much noise, it was decided to keep the sound to a mirdrum. The
blower was mounted on conerete foundations and four vibration damping
mounts were pliaced ét four corners of ths blower base. A cubiec box of
&' side made of low denmsity [lbre-board enclosed the blower; a vertical
four inches wide opening on vre side a)lowed air to be drawn by the
blowers The cutlet of the blowsr was comnected to the main duct section
with a flexible rubber couplinge

C = Section For Smoothing The Flow « To make the air flow

from the blower smooth, & galvanised pipe of four inches dlameter was
added to the flexible rubber connection from the cutlet of the blowers
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A minimum upstrean distance of twonty diameters from the measuring
station is required for the flow to be smooth,.
D - Mein Duct - This main duct where the actual experivent

vas performed, wes & four inch: - square duct with 1/k ineh thick steel
wellse HNumerous holes were drilled on one w2ll in the main experimental
section of the'di'xct. Instead of threading the holes, they were reamed
with a ter degree tapered reswor, and tapered pins were used to close
the holes. fThis device of making holes increased the mumber of measuring
poirts per unit area of the wall, BEach tine only one pin was withdrawn
to insert the Probey thus the main duct was virtually cleosed against air
lsak, |

B - Exhaua‘b Alr « The alr from the experimental duct was

exhausted thwough an old chimey, the base of which was conmected to the

Tear end of the experimental cduct.

522 dot Alr Flow Equipments

A - Compressors - ¥or supplying the campressed Jet air flow

one Gardiner Denver of model musber 25LU-DBS and another Ingersoll Rand
of model murber 71=TD compressors with a supply pressure of 125 psig were
useds The total eapaciw obtained from the two compressors was HBity-
seven standard cubic feet per minute,

B = The Pressure Regulstor = To ma2intain the pressure conse

tant during experimental measurenent, & constant pressurs valve of model
mumber 42H100 from the Moore Regulating Company was fixed 4n the adr ling

supplying the jet air,




C - The Jet Injector -~ The injector was a rectangular slot

of given dimensions drilled at an angle of incidence of 45° in a flat,
round 1/ inch thick plece of stesl plate. This steel plate of 17 diaw
meter was threaded on the edge, and was screwed inte the hole in the top
wall of the ducte A gasket wes used to make the steel plate base flush
with ths duct wail. On this round plate a 3% long, 3/8 inch diameter
steel pipe was wolded, and the plpe was connected to the air supply bty a
flexible metal hose, To make sure that the Jet pointed in the right
direction, a mark on the clrcumference of the rournd steel plate was made
before screwing it into the hole. This technique of using Jet =ir
supply avolded drilling and plugging more. than one hole in the main ducts
the steel disc waé replaced with another one when the injector was
changede

D - Flow Meters = Sharp-edged orifices and U-tube mancmeters

wore used Yo measure the air flow. Tho construction of the orifices angd
pressure tap connections was made a2ccording to the instructions given in
Perry'!s Chemical Engineers' Handbook.

(3) Devices for Taking Experimental Readinza

A - The Pressure Probe = For meassuring the flow pressures in

the entire cross section of the experinmentel station, a probe was made
of & fifteen BJ.De hypodermic needle with a small hole on the upstream
side of the tip of the needle. The needle probe was soldered to a brass
tubes The comnections to the pressure recorders and the probe were made
through copper and rubber tubings. |
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B - The Probe Carriage = A movable carriage was fixed to the

probe, so that the probe can be placed in any point of the experimental
station through any of the drilled holes on the side wall of the ducte
The probs was made free of vibration resulting from the blower by means
of an interlocking device, To permit a suitable movement of the probe
along the width of the duct, 2 1 repam. synchroms motor was used. This
nmotor was connect;»d through rack and pinion gearing to the probe. By
using sultable geer ratios, the movement of the probe was fixed to a
copstant speed of one inch in five mimutes,

C - The Pressure Recorders - The pressure line from the probe

wag connected to two identical Brown pressure recorders of model rumber
Y702X23-030~11=111=(6L)=SK999 Ly means of 2 T-connections One recorder
pave the positive :;-eadings fram 0-10 psig, and the other gave the core

responding negative readings from 0-10 psige Thus the use of two pres=
sure recorders instead of one greatly facilitzted the range of pressm'e.

readingse

Experimental Procedure

By adjusting the dawper of the blower inlet, the velocity of
the air flow in the main duet was regulated. The range of velocity used
was from 132,5 to 208 feet per second. The jet air was supplied from
the compressors &t a desired pressure by operating the reguleting valve.
The Jet air flow was measured froem the U-tube manometer connected to the
orifice tapss The velocity at ary point in the duet was measured by

means of the probe connected to the Fressure hecorders. The chart used
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in the Recorders was a twenty~four hour chart. However, the twenty~four
hour motors in the Recorders were roplaced by two hour nmotors. This
made the one hour divisions in the chart equivalonmt to five mimitese

The prote was inserted fully through one of the holes, Afteyr &llowing a
couple of mimites for the pressure equilibrium to be roached, both the
probe and recorder molors were started. The length of the probe needle
was abhout ihree inches. Hence, it took about fifteen mimutes for the
probe to take velocity traversze across three inches of the duct width
threugh one particular hole, This velocity traverse reading was spread
out to three divisions on the chart; and from this chart, velocity at
any point could be read, The procedurs was repeated hy zming' other
holes, until a cos.;xplete picture of the {low pattern in the wake of the
jet was obtained,

Two different jot dimensions were used; one was 1/4" Yy 1/16';
and the other was 1/4" by 1/8". The velocity of the main stream was
varied from 13245 feet per second to 203 feet per seconde The jet prese
sure was varied fraom 5 pounds per squars inch to 30 pounds per asquare
inchs Both the jets wers placed with their lonpg sides against the
direction of the mainstrean flew. |

To study the effect of the orientation of the jet with respect
to the malnstrean flow direction, a few sets of readings were taken with
the 1/L" by 1/16" jet with its short side against the direction of main-~

stream flow.




Pholograph and Diagram of the Experimental Bquipmont

The photograph and disgram of the experimental equipment are
presontod respectively in Flgures 1 and 2

Experiment for the Visualisation of Flow in the Wske of a Fluid Jet

At the begimning of the experiment, it was realised that the
interpretatioh of the flow pattern in the Jet wake from the pitot tube
probe reading will suffer from one main disadvantage if there is no
approximate idea of the main direction of {low in the Jet wake, The
pitot tube had one opening facing the mainstrean flowe A streamline
caning from a ;.‘bw moving either from side to side (lwr.’a.éontauy) or
from top to bottom (vertically) with respect to the duet, which hits at
the back of the pdtot-bube opeming, could not be distinguished from the
pressure raadingé. Hence it was necessary to know whether the flow in.
the wake travels from side to side or from top to bottom.

For this purpose a cupplsmentary experiment was performed with
water jets injected from the top wall to the mainstrean water Zlowing in
& 2" aquare transparent lucite duct. Adr which was sucked from the ate
mosphere by the water jet through a small opening before the injection
point formed bubbles in the wake of the jet in the duct. The bubhles
were observed to follow 2 semicircular path in the plane A~B-C-D {Pigure
3)e From this visual observation it was zssumed that the flow path of
the fluid particles in the wake lies on this plane and not on the plane
a~b~c=~d of Figure 3 as in the case of wake of a bluff body,.




m. 10

4 photograph of the four-inch square duct showing
the working sectlon, the pressure measuring probe
and alr injectors.




osnosm..ﬂ.&o 2yq Jo urexdetlp OT4eUWAYDG

.N owj.ﬂnm

r k
| '
| sjunow a|qixs| 4 “
I
! /\\\ IV\N "
‘ | “
‘ xoq buijooid punog ; ] "
i
I \ // !
13pi0Jay _ |
!
!
uoidas buiyioowg " i
! S !
uoljoas Bumom “ ~- / !
i
“ QUDA |04JU0)) "
' < “
5 T ,/I" —
T R : _
v — “
Buiidnod R 2
9q0id: Jaw YO a|qixa| 4
10)08(u)

1w 3O

—D<t
m>_.o>|\

SNDA  2inssaud JUDISUO))

S10Ss9.dwod 3y




-291-

PRESENTATION AND DISCUSSION OF RESULTS

Velocitlies for dlfferent points at the cemtral vertical plane
A=B-C~D (Figure 3) were plottede One such plot iz shown in Figure Lo
It 48 seen from thie figure that within a certain enclcsed space in the
central vertical plane of the duct the point velocities everywhere are
negative, k{ouéver, outside this enclesed space (in the particular plane)
the point velocities arywhore sre positives This observation indicates
the prezence of a recirculation sone in the wake of the fluid jets The
same type of observations is obtained with every otﬁer combinations of
Jet dimensiané; Jot pressures, and main velocities used in this experi~
ment, |
The presence of such a recirculation zone leads many workers
(37) to compare the fludd jet obstiuctﬁ.qh with a bluff-body obstruction
in the maln atreaﬁ. However, this compa:rison geems to be somewhat .
auestionable for the following ressonss
l. In a horizonial lire in the plane (Figure L) the point velocity
along the upstrean direction of the main flow stream from the mull
volocily loop, abt first increases slowly, and then incregses rapidly
untll atteining the maximum negative velocitys This suggests the
idea that at poimé immediately bekind the jet, the fluid particles
are sxperiencing some kind of sucking setion,
20 That the flow in the present case is different from the case of a
bluff-body is further jJustified by observing the motion of ajr
bubbles, when a water-air mixture Jet is injected in the nain ﬁater
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streems Observation of this kind wes made to give an insight of the
flow mechaniesm in the original experiment. The air bubbles in the
woke of the Jet were chbserved to follow both vertical and horigontal
motion; going in an inclined fashion in the upsiream direction of
the main strem. This observation suggosts thet the jet fluid ie
being bent by the main strean flow efter e certain vertical cistance
from the point of injection, and finally the Jot fluid assumes a
spiral form, as pointed out by Campbell (38).
The stagnetion sone of the wake fIuid is assumed to be an elliptieal
zone on the dowhstream of the wake, within which the point velocities
given by the probe are less than approxinately ‘a:!.xty feet per éecond.
The centrs of the stagnant zone then becames the centre ares of tids
eliiptical zone., WWith this assumption about the stagnant zone, an attexfxpt
was made to describe thls elliptical zone completely Yy describing its
area Az, the horigental inclination of the major miis of the ellipse «,
the vertical distance of the lowect point of the major axis from the top
wall y, and the horizontal distance from the point of injection to the
reint where the vertical line from the lowest point of the major axis
touches the top wall x (Figure 5) when the velocities and densities of
the nain stresm and the ‘jet strean are knowns fPhe values of 2il tho

above quantities are given in Teble e

Correlation for the Area of the Elliptiecal Zone

By means of simple dimensional anelysis involviny 831 the.
variables that may be expacted to affect the area of the stagnant zone,




Point of jet injection =
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Fig. 5. Figure to show the different terms used in the correlations S

for describing the stagnant zone of recirculation




w3} -

the following result was obtaineds

Ay P3jVslye V3B psc psd
= =X (-.1—-1—...1) (.vi) (_3.) (..‘1) . (10)
3 k3 0 Pg° My \

Reglecting the effects of the jet Reynolds muaber and the viscosity
ratios the Iollowing equation for the present analysis was expected,

- G &’ | (1)
vhore A4z = %x'ea of the atagnant eliiptical zone, in square inches

Ay = aves of the jet injector, in square inches

b,Ac, K = conntants

Vy = velocity of the jet efr, in feet per second

Vo = velocity of the mainstrean air, in feet per sscond

Py = density of the Jet air, in pourds per cubic foot

Pg = density of the mainstrean air, in pounds per culde foot

The exact form of the equation is given as

1.75 1,67
b2
(p 0) (12)

4y v
= 160 (-,;2-)

fran the Figures 6 to 8;

That the effoct of Reynolds rumber is neglipible is further
Justified by the graphs in Pigure 6, The points in each of the graphs
represent two different Reynolds mumsber, and yet a straight line counld
bo passed through all the points. That is to say, no consistent trénd
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with jet Rayrolds mmber could be observeds Jt 45 also soen that the
patic of the major axis to the minor axis of the stagnant elliptical
zone 18 spproximstely 312 for almost all the casene Bence in thie
anelyveisn, knowing the ares of the sllipse, one ig able to find the
length of the m,ﬁor ard pinor auGHe

Corrslation for the Angle of Inclination of the Msjfor Axis of the
Ellipes

The dimensional analysis giva‘a the following relation Por the
angle of inpliration of the major axis of the ellipse

- x (=) (B (13)
1'5% "o) Po

whore o = ¢&he angle of inclination of the major axis of the stagnant
gono, in degree (see Flge 5)e

Bauation {13) is represented by the relation

=927 «933
a = st (& ()
0 Po

which is obtained from tuhe‘Fﬂ.mma % 4o 1),

gorrelation for the Horisontal Distance from the Polnt of Injection, X
By wintlar dimensional analysis, the finsl correlation for
this horizontal distence, Lrom the peint of injection, wvas found to be

~82 W55
x 3 Bl
5 ® Ba325 () (po} (18)




D

 Fig.' 9




PR s et o=

ama;mm....._m_wu,.u. e e i e e e e e e e

- 100




20

10
O / 1 1 4 1 i !
02 .03 - 06 08 vI.O .2
/OJ 933_\11_'927
(pe) (g

Fig. 11




33 -

where x = the hordzental distance from the point of injection to the
point where the vertical line from the lowest polnt of the
major axis of the ellipiical zone touches the top wall
(Figure 5)
by = width of the jet
The results di’ the =nalysis are given in Figuves 12 to lhe

Correlation for the Vertical Distance of the Tip of the Major ixis From

the Top Wall, ¥ .
In thds case, no conaistent trend of the data are obtained

when y/bj wa.s plotted against vj/vo with density ratio as the parameter
(Fige 15).

As another trial, ¥/by was plotted against the product
(p3/pg)(V3/Vg) with by as the paremeter (Fige 16). Although the data
shows a much better tremd, the data seem to be a tit widely scattered.

Finally, the dimensionless factor y/\/zj was plotted against
(p3/pp)(V4/¥p) in Figure 17, This time all the data fall under a
straight line within the acceptadble limits of errors, The {inal corre=
latio_n is therefore glven by

TNAy = 1458 (p3fog) (V4/To) (26)

where y = tho vertical distance of the lowest point of the major axis

of the stagnant elliptical zone from the top walle
The results of this analysis are shown in Figures 15 to 17,
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The discussions of the stagnant ellipticel zone so far have been related
to the central vertical plane ABCD, However, for a complete understane
ding of the stagnant zone, one should consider this gone as a volume
instead of as én areas Hence, ope should also be interested to soe
whether this stegnent 2one is also present at the vertical plane away
from the centre. Point velocities in the vertical plane at different
distances away from the centre of the duct width are noted from the
chart readings, and plotted in the Figures 13 to 21 for several diffe-
rent casess From these figures, it is roted that the same type of
stagnant en;.ptical gone i3 present at other vertical planes awvay from
the centre point of the duct width, up to a certain distance away fram
the centre of the duct width,

It can al3o bo observed from these figures that, fer any par-
ticular case (the jet dimension and the main velocity remaining the
same), the stagnant sone in the plane 13CD (Figure 3) exiets up to
greater distances awsy frow the centre of the duct with higher jot
Prossures,. Thns when the Jet pressure is 10 pounds per squars inch (for
the 1/4* by 1/8" jet with & main velocity of 132,5 fuet per second) the
stagnant zone at the plane ABCD exists up to & distence of 3/8" for both
sides from the centré of the duct (Figure 19)s Whercas, when the jet
pressure is 20 pounds per square inch for the same dase, tho stasnant
gone existe up to 1/2' from the centre point of the duct (Figure 18).
The findings about the width of the stagnant zone, drawn from the data
may be swmarized as follows, '

i
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The width of the stagnant zone depends primarily on the mass
velocity of the jet, and not on the orientation of the iet (whethor the
long or short side of the jet is against the direction of the main flow)
with regard to the main flow, Thus, no sigrificant difference in the
width of the stegnant zomes was obtained with the 1A¥ by 1/16* jet with
its two different cases of orientation (see Figures 20 sand 21). Other
things remaining the sems, the width of the stagnont sons with 1/4° by
1/8* is greater than that with 1A by 1/16% (Figuwres 20 end 19),
However, it 18 to be remembered that the above discussion about the width
of the &tagnati% gons 1s valid within the mwhental range of variables
investigated. The observations regarding the width of the stagnant
recirculated zone, from the Figures 18 to 21, are tabulated below,

TABLE IT
det ¥ain Orientation Jet Total width liepresen-
Dimension Streanm of the et Pressure of the tative
Yelocity rsig Stegnant zome Flgure
FePeSe in inch
/4" x 1/8"  132.8 [ ~— 20 1 18
1 x 1/6% n | <— 10 3/ 19
/4" x 1160 I | 10 /L 20
/4 x 1/160 " = <— 10 /4 21

Ir a somewhat similar type of investigation, Bertin and Salmon
(37) drew an anslogy between the case of a two-dironsional obstecle and
the slot Jete From thelr experimental observations they obtained a loop

- Ziuad




R o3

-38-

of mll welocities in the wake of the injector, and coneluded that the
area within this mull velocities loop im the zone of recireulation of
the fluid flow, '

Figure 4 i8 a vector diagram showing the point velocitics at
ddfferent positions in the plans ABCD. It may be pointed eut here that
in the wake drawn on thig figure a reverse {low can be clearly seen,
Also a loop of mull velocities can be drawn in the wake of the injector
as shown by the HMne in Flgure ke

It is belleved, lowever, that the analogy drawm between a slot
Jet and metal daffle is somewhat mislending, A metel baffle is a solid
rigld objact whosg shape and position remain fixed irrespective of the
main stream {low propertiess On the other hand, a finid Jet 15 quite
flexibles Here is the case of two fluid streams, both of which will be
altered from their original characteristics after their mutual collisién
in the ducte Thus the pemetration of the Jot in the main stream is as
much dependent on the main stream velocity as it is on the Jet pressure,
In contrast to this, the protrusion of the metal baffle in ths duct and
hence in the main etream fluld flow stays. unaltered, The physical
systems in the two cases are very rmch different from one another.

Bertin and Salmon (37) elso observed that if the slot jJet is,
inclined to LS° against the main flow, the reverse zone enlarged consie-
derably in camparison to the reverse zone in the case of perperdicular
injection under identical conditions, In the case of a metal baffle,
if the dimensions remain the sawe, the size of the reverse zone should
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not alter much with the angle of inclination of the baffle. Thus this is
another point against the disputed analogy.

Figure 22 shows the breakdown of the velocities measured at diffe-
rent points along the lenpth of the flow linces in the case of transverse
Jet injection perpendicular to the axis of the mainstream flow, as given by
Bertin and Salmon (37). Similar velocity profiles drawn from the data of
the present work are shown in Figures 23 to 26 for four dif}erent cases of

jet injection at an angle of L5° to the axis of thc mainstream flow.
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If the veloclty profiles in the following stations, namely,
a) Aimmediately downstream of the jet injector
b) at the centre of the mll velocity region (shown by the-dof.ted lines
in the Figures 22 to 26)
¢) near the downstream end of the mull velocity loop :

are compared, them two distinct differerces are noticed between Bertin

and Salmon's (37) results and the results of present investigation.

They avet '

1) the velocities of the reversal flow in the presanﬁ experiment are
rather high campared to the data of Bertin and Salmon (37).

2) The velocity gradients around the mull velocity 1ine in the stations
of the downstreas half of the null velocity loop (stations L, S and
6 in Pigure 23) are very such less than the velccity gradients _
elsewhere in the sams plsne; this trond is not noticeabls from
Bertin and Salmon's (37) results (Fige 22).

The dixfterencea between the results of these two nearly ;
similar experiments (Bertin and Salmon {37), and the presenk work) nay
well be due to the fact that the previous workers (37) used total
pressure probe rake directly into the recirculation sone which could
disturd the flow considerably. The change in the veloclty gradient as
indicated in point (2) above, in the present experiment, could be ax~
plained by the interpretation that around these points the fiow direc-
tion tskes its turn and theraby an elliptical zone of recirculation is
created, which has been mentioned befores |



| SRR

Altheugh the shape of the mull velocity loops given by Bertin
and Salmon {37) in Figure 22 and by the present investigation in Figures
23 to 26 is very similar, there is one major difference betueeh the ine
terpretations of the results. Bertin and Salmon (37) considered the
area within the null velocity loop as the gone of recirculation. The
agthor, on ths other hand, considered the downstream end of the mull
velocity loop 85 the bisector (major axis) of the elliptical recircula-
tion zonee The change in the velocity gradients as showm by the velocity
profiles of stations L to 6 in Figures 23 to 26 adds furthar support to
the interpretation of the existence of the elliptical zone of recircula-

tion,
Also, if ons considers the fluid jet as equivalent to an

obstruction croated by the metal balffle (as sugpested by Bertin and
Salmon (37)), then other conditions remaiming the seme, the width of the
recirculation sone would be expected to be larger when the slot jet is
placed with its longer side against the direction of flow instead of its
short side againét. the direction of the malnstream flow, MNo such trend
is observed from Figures 20 and 21, where the width of the recirecvlation
zores with the 1/4" by 1/16" slot jet with its two different cazes of
orientation is presenteds

Shepherd (29), in his study of flame stabilization by annular
fluid Jets, did one experiment to indicate the nature of the flow pat~
tern which results in a recirculation gone. 7The pleture of the herise

pheric combustion zone given by him bears much resemblance with the

visualization of the reverse zone given in the present work. Shepherd (29)




concludeds ®The herdspheric portion was semitransparent belore the
smooth envelope broke up into a bushy yellow flame, The boundary of the
recirculation sore was close to the base of this turbulent region and
the plane of the reversal was quite sharp, as was indicated by travere
sing a salt-coated wire through the flames" In his experiments of Jet
stabilization by means of the outward radial flow of the stabilizing
stream in an annular combustion chamber, Shepherd (29) was mainly intere
ested in the combustion stability, Dutta, Martin and Moore (30), on the
other hand, did similar Jet stabdlization expsriments by means of imward
radial flov of the stabllizing strems. They attempted o establish &
relation between same characteristiecs of the recirculation zone and the
flame stability, From experirental messurements of the sxial velocity
profiles across a dismeter downstream of the stabilizing jet (mo mention .
of the exact location given in their paper) in the absence of combustion,
they established a characteristic dimension of the recirculation zone or
the eddy region, ‘The pllot stream was admitted at four points around
the circumference of the anmilar chamber to ensure a miform flow dis-
tribution for the anmular Jjetsa From the total head traverses, they
estimated the penetration of the Jet and hence the sige of the recircue
lations A typical total head traverse given by them is shown in Fige 27.
The depth of Jet penetration had been taken by then to be D-(d!)/2
vhere D = tube diameter and d' is the width of the uniform portion of
the total head traverse curve (Figure 27)e They tried to correlate .
their data on jet stabilization in a eimilar form of correlation given
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previcusly for the bluff body flame stabilization ty Spalding and Tall
(39)s Spalding and Tall (39) had shown that the stability data can be

correlated in terms of two dimensionless groups, ieee,

n
Vo, d/ag = camstant (L) (a7)

where a, = the thermal diffusivity

n = an index depending on the Reynolds rumber ;

Su = lmuinsr flame speed at the mixture ratic corresponding to

the blowcut velocity |

d = b&ne size,
In the jet stabilized system d had been replaced by D=d' derived {rom
the experimental velocity traverse. The correlation between the two
dimensionless mmbers as plotted by Dutta, et al (30) is shown in
Figure 23, I

The main difference between the results of this work and the

data presented for the bluff body stabilizers by Spalding and Tall (39)
is that the slope is appreciably less in the present case. For bluff
body stabilizers, the slope is given as 1,5 for two~dirensional stabi-
lizers and 2,0 for three-dimensional stabilizers, The slope of the
ecorrelation curva for the bluff body system indicates (a) the dependence
of stability on the size of the bluff body, and (b) the dependence of
stability on the nature of the flow in the duct, i.e. on Reynolds mmber.
In the case of jJet stabilized system, the reduced slope of the correla-
tion curve ig due primarily to the prosence of the stabilizing Jet, .'uh:l.ch
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augments to same extent the mixing rate due merely to the presence of an
obstruction in the burner tube. Dutta, et al (30) concluded that their
Jet stabilized symtem is complicated in camparison to the bluff~kody
gystem, by the presence of the stabilizing jet, whose velocity and size
Provide factors which, independently of the main stream flow, con ine
fluence the mixing conditions, According to them, the physical systems
of the bluff body and jet stabilizations are very different.,

Camdel (LO) studied fimme stabilization by maans of opposed
Jet in which the tube supplying the Jet gas was placed at the centre of
the duet, and the Jet impinped directly on the meinstream flow at an
angle of 180° The pressure of the stabilising jet was varied from 20
psig to 180 pslg, and it was seen that increased pressures increased the
blowout velocity. PFor any partieulsr jet tube, increasing the pressure -
results in a higher mass flow rate, higher effiux valocity, higher momene
tum and larger relative velocity between the mainstream and the stabili-
sing jete Thue higher jet pressure will increase the turbulence and
accelerate the mixing of the fresh main strean mixturs and the partially
or completely burned gases., There will be two opposing effacts due to
the higher jet pressure. The improved heating due to the rapld mixing
is advantageous while increasing dilution will be detrimental, Thus the
atabilization 4= related closely to the mixing processes taking place.

Flame photographs were teken and the sigmificant distances
wore measured off from the photographs. The variation of flame dimen-
sions as a function of the main stream velocity for different jet

EvToe T
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pressures as given by Cambel (LO) is reproduced in FPigure 29. It is
seen fram this figure that flame spreading can be controlled by the
pressure of the stabilizing jet., Jot pressure alse 1nf1uemeé the flapme
length x. For any particular main stream an increase of the jet pressure
increases the flame length x, while reducing the distance b. If Cambells
Jet injection system im compared with the injection system of the present
investigation, then the distance x can be related with the penstratiom
length in this investigation, And it has been seen in the expeﬁ.mnbal
data that for a particular main stream velocity the ﬁenetra:ticn length
increases with Set rressures

All tho penetration length data could not be tsken in the
present experiment because the jet often penetrated too far doun in the
mainstrean fluid where no pressure messuring station existeds The 6Xpg=
rimental duct was designed primarily for the study of the wake flow and
not for the atudy of the penetration lengthse Howevar, several peretra-
tion lengths were obtained when either the jet pressures were small or
the mainstream velocities were highe Table III gives the results of the
panetration lengths obtalned in the present work for the 1/4" by 1/8" jet.
For the purpose of coamparison, these penetration data are also presented
in Figure 29, In this cése the characteristic dimension of the slot Jet
{Cambel used circular jet) has been replaced by the square root of the
area of the slot jete These psnetratlon data show the same trend as
thosa of Cambel (LC)e In the author's experimental results the penctra-
tion lengths tend to converge at a high mainstream veloeity. This 'éill




happen wher. the mainstream rapidly bends the jJets Cambel (LO) used rmch
nigher Jet pressures than those of the present experiment,

Cambel (LO) also mentione that for any particular set of main
stroam and Jet etream conditions, the dimensions x and b are not greatly
different for flow with and without canbustion. The main change in the
flow field is due to the presence of large thermal gradients in the pre-
sence of combustion. The stagnation point between the two streams and
thus, the flame length, will be influenced ty the jet mamentum. Increa-
sing the flame length will provide more tire to antraﬁ.ment of the
combustion prod;cts and a longer residence time, thus favoring improved
stablligatione

Though Cambol's injection system is different from the system
ir the present work, following his observations, it seems very probable
from the results of the present experiment that flame stabilization cen
be achieved Ly means of slot jet injected from the wall of the combustion
ducts There are, howover, certain dissdvantages in Cambel's (40) injec-
tion systeme. The stabilizing jJet and its associated ducting are exposed
to the stebilized flame and are influenced appreciably by the flames A
Jet injected through the cambustion chawber wall will beo free from any
such influence of the fleme on the mechanical parts of the injection

syatems
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TABIE I1I

Penotration lengths for the 1L/L* by 1/8* et

Jot pressure

S .

5
15
20

5
10
20
30

5
10
20

Hainsiream velocity
FePuSa

132.5
132.5
132,5
208
208
208
208
158
158
158

Penetration length at the
point of injection, in,

1,16
1.75
1.83
1,08
116
1.33
1.83
116
1,33
166

The creation of a recirculation zone is only one of the many

aspects of flame siabilization in a high velocity stresms Cambel (LO)

painied out that the essentisl foature of flare stabilization by an

opposed Jet is the existence of a stagnant zone where the main stream of

the combustible materiszl is halted, heated and igrdteds If this be the

case, then one can cite that the opposed Jet ond Bluff vody flams sta-

bilizations are bacically different,
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Along with the fluid dynamical condition of having a recircue
lation gzone, proper physio-chemicel corditions are equally :l.mpprt;ant for
successful {leme stabilisation. Thus the importance of the exdstence of
a stagnsnt zone of combustible material in the main stream has been well
1llustrated by Cammon (Ll)e He mentioned the results of an experiment
in which 2 streamlined two-dimensional flameholder equipped with slot
Jots was testeds Reverse flow along the flameholder wall occurred hy
the sjection of alr through the slotse This recirculation zone was
tried as a flameholder, However, when tested, this cénfiguration was
complataly 1mi‘fhéctive as a flameholder. In this case, the air was
stagnated and not the combustible mixtures This illustrates that anoe
ther necessary thing 16 to have the comkustible material in the stagnant
gonee Thus the mere presence of a recirculation zone 1s not sufficient
for flame stabilization.

The conditions for successful flame stabiliszation moy be given
as followss _

a) fluid mass from the combustible stream should be in contact for
sufficient time with the stagnated or recirculated burned or burning
£ases.

b) the temperature of these burned or burniny gases must be high enrough
for rapid ignition of the combustible material within the time of
contact aveilable,

¢) the velocity gradient from the source of igrition out into the main
stream mist be low encugh for the spread of the flame into the a'bream.
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The experimental techriques adopted by other workers to obtain
the flow pattern are:

a) photopraphing the smoke injected with the jet, or dye injected
either with tho jet or with the main stream,

b) total pressuré rakes to measure the velocity, or thermmocouple rakes
to measwre the temperature when either the jet or the main stresm is
hot and the other is cold,

Smoke photozraphy was employed by Chilton and Generaux (1),
and by Callaghan and Ruggeri (i)e This techrique is quite useful for
measuring the penetration of the jets. The main disadvantage here is
that it gives only the picture of the cutermost surface (of the wake
flow) facing the duct wall and does not reveal much about what goes on
at the centre of the duct widthe The method of dye injection suffers
from the same disadvantage. Gordier (7),in his experiments with dye
injection, took plcturss both from the side wall ard top wall of the
transparent ducte But by this means, the only additional thing he could
get was the spread of the jet across the duct width,

VYelocity profiles were obtained by using total preszure probe
rakes and thermocouple rakes by Bertin and Salmon (37), Beauregard (9),
and Chakko (8)s The determinstion of the boundary botween one hot and
another cold streams by means of temperature measurement is a very sen-
sitive measurement and hence is subject to much experimental errore
Added to this will be the fact that the very existence of the tharmocou~
ple rakes is liable to chuange the flow patterns
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CORCLUSIONS AND COMMBNTS

1. In the wake of the Jet fluld a zone of recirculation is
present. Tho fluid velocity in this sone is very auch smaller than
that in the mainstream flows This is a favorable condition for a flame
to exist in this zone,

2+ This recirculation socne has got considerable length and
breadthy which depend, primarily, on the mass velocity of the injector
fluide Thus the flame in the recirculation zone could easily igmite and
spread through the surrcunding fluid mass, |

e 'Z‘he velocity gradient in the direction of flow in the
downstream of the recirculation zone 1s very gmall, and the point veloe
city as far down as 3" fram the point of injection (farthest point to
take the point velocity in the experimental setup) ir less than the main
stream veloclty. This again is a favorable factor for the rropagation
of the flame through the dounstream mass of the fluid,

ke By knowlng the pressures, the densities, the velocities
of both the main and Jet streams, and the dimensions of the jot, the
area and the position of the stagnant sone in the plane ABCD at the
centre of the duct could be obtained froam the correlations given,

5« The flow ﬁattem in the wake of the fluid jet is vastly
different from that in the wake of the conventicnal bluff body flame

astabilizers,
6e One similarity that can be said to exist between the

bluff~body and fludd jJet stabilized systems is the existence of the
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recirculation gone in the wake, 1n each case,

7T« The physical and chemical characteristics of the jet
stabilized system can be totally changed by changing the characteristics
of the jet fluid,

8  The mechamism of reeirculation is determined by both the
mainstream properties and the Jet properties; hence nany combinations of
variables can be usede

a) In sctual flsme stabilization 4t should be possible
to improve the characteristics of the flame and its varicus z0nes, both
physically and ¢hemically,

b) In process industries whero a rapid mixing of the
reactants is desiréble, Jet injection may prove useful,

¢) In aircraft turbojet or renjot engines, this device
of Jet injection mgy be used os & rermovable flameholders Thus a small
ancunt of air would be bled from the engine compressor whenever the
afterburner is to be used, This blesding can be stopped whenever
required, and thus there will not be any inherent drag a8 in the case of
a bluff~body flameholders

d) This device of stabilization by means of gaseocus jets
can be used as a flameholder having variable characteristiecs, and this
flameholder could be made to operate according to the demands of diffe-
rent conditions during the flight of airoraft,

9« The visual study, i.e, smoke photography, dye injection,
etcs, of the jet mixing 4s not very satisfactorye In isotharmal proéeasea
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the visualization of the flow regimes is not very easy in the absence of

ary drastic velocity gradisnts,

10. With the help of more complicated instrmnts, one

should try to fird the flow Hroctions exactly in the downstrean
injector.

of the
T™his woudd help to »ap out the exact zons of recirculation

with more éccuracy. One could also extend the renge of the Jet dimenw

sions irxvestigatad, and try to chack this type of correlation,
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NOMENCLATURE

frequency factor in the Arrhenius rate equation

area of the elliptical stagnant zone ir squere iwvches
area of the jJot in square inches

& constant (approximately 106)

dimmeter of the injector, duct or the bluif body stabilizer,
in inches

activaticn energy, in Re cals.

penatration length of the hot jet, in inches

apparent thermal conductivity in BeT.V. per sece °Fe
constant '

:acirculation langth, 4n inches

pressure in pounds per s5qQ. ine

gas constant, in ft. per °R.

ngse velocity ratio of the side a_tream to the main stresm
volume flow ratio of the side stream to the main stream
the mixing distance, in inchaes

lapinar flame speed 2t the mixture ratio corresponding to
the blowout veloecity

temperature, in appropriate units

ignition delay time, in seconds

velocity, in feet per second

blowof{ velocity, in feet per second

distarnce along burner axis downstream from igniter, in inches
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one balf of the maximum jet width at a distance S downstream,
in inches
width of the jet in inches

Q ot heat
theoretical fuel heat

100

penetration length, in inches

rate of heat input, in B.T.Us per second

horizontal distance from the peint of injection to the point
where the vertical line from the lowest point of the najor
axia touches the top wall, in inches,

vertical distance of the lome;t. point of the major axis of
the st#gnan‘b elliptical zone from the top wall, in inches
{luid density, in pounds per cu. ft.

canbustion efficiency, per cent (it comperes the awount of
fuel theoretically required for a given heat release to the
amount actually reguired)

angle of inclination of the major axis of the elliptical acne
thernal diffusivity

the main stream fluid
the jet fluid
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SAMPIE GALCULATIONS

Ihe Injecior Velocity

For finding the veloclty from the readings of a sharp-edged
orifice, the formula is given hy

V'Q = o _.?_Eah

1 - (Dg/Dy)b

VO fd cl\/ZgM:

when the Reynolde mmber is greater than 30,000,

or

In the present case

- 2&5——- -
Po/% Ce82} 0.6

For finding the value of ¢y, the figure on page 63 of "Principles of
Chemlcal Engineering® by Walker, Lewis, McAdams and Gilliland is con-
sulted; and from thero the value of ¢y is found to be 0s67.

The density of air at 10 psig anxd at room temperature is given

by the relation

EH:_ - 2)-107 X lhh x 29
RT 15h3 x 530

p = 0s126

when the reading on the manometer 1s 2,L5 inches Weges

2 X 3242 % 62,4 x 245
e 0,4
vo .7\/ 12X04126

or
Vo ® Si, feet per second
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The velocity at the jet is glven by the relation

A Ay

For the 1/b" by 1/8" jJet, the jet velocity
. b} 0052 51‘
X X

1/ x1/8

V3
v

;= 340 feet per second

The Point Velocity

The total pressure reading in the chart = 4,7 inches wege
The static pressure reading in the chart = «0,5 inches wege
Hence 4h = total pressure reading - static pressure reading

o L7 - ("0‘5) ® 5,2 inches Wole

The air temperature is approximately L2 degrees Centigrade,
and since the static pressure reading is small, atmospheric pressure is
assumed for the caleulation of air density. Therefore the density of
air is

s 2118 x 29
‘i;’; " 1543 x 56746 0¢07 1bse. per cubic foot




Bt is

w 850 =

The point velocity

- - Olioly % 502 X 62.h
v: \/ngh M 12 x 0.07

Vx = 158 feot per second

Density of the Jet Alr - P

A pressure gauge was comnected at a point as close as poasible
to the slot jets No pressure drop was noticed due to the air flow
through the jé;;, ieee the jJot alr discharge pressure was the same as
the supply line pressure, Hence for calculation of the jet Jdemsity, the
pressurs was taken to be equal to the supply line pressuree

Thus the density of the Jet air at a supply pressure of 20

psig at rcom temperature is found by the relation

P M
- - N o 33107 x 1Lk x 29 -
P3 RT 1553 x 530 Gel77




AXPERLMENTAL DATA

The experirvental data are presented in Tables IV to XX,




Surmary of the Tabular Resulte

Maingtreanm Velocity Jdet Preogsure Jet Dimensiocha Representative
FoFedn psig Table
132,5 5 /e x 1/26" Iv
132,5 10 1AM x 146 v
132.5 20 /40 x 118 7
152 20 1/ x 1/16 VI
208 20 /4 x 118 VIII
158 20 Y x 1/16“ Ix
132.5 5 140 x 1/ X
132.5 10 1/ x 1/3¢ X1
132.5 5 ik x 1/5e pugd
132.5 20 140 x 1/80 XIIX
208 5 1/ x 1/8 v
208 10 14 x 1/8% v
208 20 14" x 1/8" XVI
208 30 1/ x 1/8w v
158 5 1A x 1/8v IVIII
158 10 14 x 1/8m XX
158 20 1/ x 1/88 b+ 4
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TABLE ¥
Poslition

A B Peint

ine ine Velocity
N F 'Pﬂs.

7/6 5/8 downstrean L9.04
L/3 LY " 9931

2 /3 " ~49e0h

1 9/8 " 58403
7/6 15/8 n 75498
3/2 10/8 n 106,33
3/ 5/8 " 118.11
2/3 i/8 u ~55480
5/6 5/ " 7598
5/6 1/ " 58403
1/2 1/8 n 6760
1/2 Y/ S T1e07
/2 13/8 * 90ehi3
2/3 2 " 95461

1 15/8 w 80«59
5/6 19/8 " §5461.
1/6 15/8 n 80459
1/6 9/8 ® 58403
1/6 /4 " ~107+45
1/3 1/8 " «131.60
1/3 7/8 " 69436
/6 k. upstrean 82407
L/3 4 " 117409

1 34 u 106433

2 1/2 u =53¢73
5/6 3k " 21,93
2/3 3/ " 105419
1/2 1/2 n injector crossing

Position

A B ' Point
ine in, Yolocity

FeFaSe
7/6 1/8 douvnatroom 5592
1 3/8 n «31.02
h 3/ " 37499
1/6 10/8 " 62,0
L/3 18/ u 82.07
L/3 108 80459
2/3 58 n 62,04
. 2/3 S/ll " 86.35
5/6 3 n hig.0h
2/3 1/8 v ~05480
1/2 3/6 u L3487
1 9/8 " 834,52
/2 /8 " She3ls
/¢ 15/8 " 90eh3
/6 19/8 " 83452
/2 1978 d 96485
/6 138 " 71,07
1/6 5/8 n ~21,93
/3 S/ n 79408
1/3 1/2 n 21.93
5/3 /4 " 133.k2
7/6 3/% upstrean 124,07
L/3 1/2 " 123,10
1 4 " «l;3487
Sf 6 lﬂt 5 '%061
5/6 1 " 131,60
5/6 1/2 u ~1211,07




TABLE VI
Position
A B Point
in, in, Yelocity
P ‘p.s.
1/6 1/4 upstream ~156.6}
1/6 3/8 dosmstrem ~20745
1/6 i " 31,02
1/3 1 " 3.2
1/3 " ~136e97
1/3 1/2 upstresn injector
crossing
1/2 " -155468
1/2 1/8 dounstream  ~126,95
1/3 3/ upstrean 111.84
5/6 1 kL 79.08
5/ 6 1/" f "136095
5/6 1/8 dounatream =53473
b 3799
1 I/a o «26486
1 1/2 upstream =120413
1l 1 u 65.8¢
7/6 1 u =109.67
2/3 1/74 " ~110eish;
2/3 3/L " injector
aros
2/3 3/8 downstrean ~69e36
7/ 6 1/ a n '&1003
8/ 6 lﬂl n }4900!1
2/3 5/8 " =31.02
8/6 1/: upstrean 75498
/6 10/8 down:étrem 69436
9/6 11/8 77455
/6 L0 » 93,06
11/4  10/3 o 117405
11/6 1/3 » 126,00
9/6 1/L  upstrean 107445
9/6 34 = 118,13
7/6 1l " 116406
8/6 3/ " 87473
8/6 7/3 downstresm 11.03
8/6 /6 " 62,0

Position
A B Point
ine in, Telocity
F .P .s‘
1/6 1/8 downstream  -1)2,99
1/6 5/8 “ ~7he38
1/6 9/8 " ~21493
1/3 10/8 4 53473
1/3 7/8 5 ~21493
1/3 1/4 upstream ~159.68
2 3/ 2 on injector
crossing
1/2 l/lx " "155009
1/2 3/3 downstrean ~3l1e95
1/2 1 upstream 122412
S/6 3/ i 204,58
5/5 1/ # «~93.06
5/6 3/8 downstrean 2193
1 i//g " 31.%
1 upstream 79
1 3 " «1L8476
1/6 3/L ¥ ~53473
7/6 1/2 " Slalik
2/3 1/2 " =161,18
T/6 1/ " =6240d1
2/3 1/8 downstream 107,45
/6 3/8 w 21493
2/3 3/ n 31,02
1/2 34 o
9/6 S/8 o 69436
9/6  1./8 v 7247h
10/6  17/8 o 90413
10/ 6 IOﬂ w 96485
11/6 5/8 " 121,07
9/6 1/8 n 9561
9/6 1/2 upstrean 105,19
9/6 1 u 132,5
7/6 3/ " «53473
8/6 5/8 downstroan 3799
8/6  10/3 u 53473
8/6 1/8 " 65430
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TABLE VI' (contimued)

Position Positlon

A B Point A B Point

ine. ine Velocity in. ine Telocity
FaPeSe FoPeSe

1l 14/8 downsatrean The38 1 12/8 downstrean 69636

1 10/8 u 6240l 1 7/8 " L6453
/6 3/ " 26486 1/6 9/8 v Li5.0h
7/6 " 60407 /6  WU/B " 6936
s/6 11/8 W 65480 5/6 /8 " 7598
7/6  11/8 o 79408 5/6 11/8 u 83452
s/6 1 " Slelk 2/3 /8 " 77455
2/3 9/8 " 5373 23 1M/ 67460
1/2 1 " 37499 12 1A % 67460
12 13/8 " 74308 1/3 2 » 7755
/3 /8 " 1267k /3 128 " 67460
1/6 2 " 60,07 1/6 3 " S51.Lk
1/6 12/8 v 43.87 /6 19/8 " 67460
12  19/8 " 39409 5/6  19/8 n 87.73
/6 198 " 80459 9/6 19/8 @ 80e59
11/6 19/8 n 110,76




TABLE VII
Position Position
A B Point A ] Foint
in, in. Velocity in, in, . Velocity
FePuSe FePeSe
5/6 /4 downstresn Lol 5/6  1/8 dounstreen -3l 458
1 3/8 " 62.04 1 /4 " 43.87
1 1/ upstream 6204 1l 1/8 " 26486
/2 1/h downstrean =138472 /6 1/2 8 ~10k. 0l
2/3 348 " ~3.87 2/3 /2 “ 37499
1/ 3 5/ 8 " ‘72 07)4 1/ 3 3/!4 " "111003
1/3 7/3 " L6453 1/2 5/8 n ~4i1,03
/2 3/ " L3487 1/6 1l "
1/3 1 L 67460 1/2 b1 " 87.73
1/2 7/8 " 71,07 2/3 7/8 " 90,113
2/3 1 " 9931 2/3 3/ n 82407
2/3 5/8 . 67060 5/ 6 3/3 b 7!&-38
/6 5/8 " 91e75 1 1/2 " 7he38
1 34 L 86435 1-1/6 3/ " 91.75
1-1/6 3/3 " 63455 1=-1/6 1/8 " 3799
-1/3 18 w 127.89 l-1/2 if " 157.0h
1-1/6 1/} upstrean 150,37 1-2/3 1/ n 183.51
1-5/6  1/8 dounstrean 183,51 1-5/6 3/8 " 182485
1-2/3 3/8 w 182,72 1-1/2 1/2 w 173,86
1-1/3 1/2 " 165459 1-1/3 34 o 150437
1-1/6 1 n 105,19 1-1/2 3/ u 178419
5/6 1 u 10745 /3 118 » 106633
1/2  1-3/8 n 100e51 /6 1-1/h n 106633
1/6 112 » 8L.95 1/6  1-1/4 # 65480
1/6 1-1/8 = L2.04 1/6 7/8 " = 43,87
1/6 5/8 " ~39409 1/6 /B " =136,09
/6 1/8 “ ~174478 1/6 1/ upstrean ~185.46
/6 1/2 upstrear 136409 1/3 /2 n injector crossing
12 2/2 " injector 2/3 1/2 "
crossing
5/6 1/2 " =126400 b | 1/2 " 95.61
1-1/6 1/2 " 153451 1-1/3 /2 s 178419
1-1/2 1/2 " 182472 1-1/2 3/4 n 183450
1‘1/ 3 3/14 u 182 19 1’1/ 6 Bﬂ-t " 176083
1 3/L " 157440 5/6 34 " ~ 3799
5/6 1 8 178,19 1 1l # 13087
1-1/6 1 u 182,19 2/3 1 n 174409
1/2 1l " 169489 1/3 1 " 163410
1/6 1 " 148476 1/3 3/k " 159468
/2 3 " 159,68 2/3 3/ 0w - 7755
© 5/6 14 u =112,91 1-1/3 14 n 172,70

injector crossing




- Poaitégn
in, in,
1 1/8 dcunstroan

5/6 3/ "
2/3 v
/2 58 v
1/6 1/ w
/6 34
1/6 1548 "
3 wus o«
/3 1B ¢
2 198 n
/2 3L v
23 1A "
s/6 1w/
(7L TV
5/6  23/8 .
32 12 v
32 1B/ v
5/3 18 "
7/6 1/2 upstream
/2 1z w
/6 12

TABLK VIII

Point
Velocity

FePoSe

1L7.13
Lo.oh
~102,88
26486
~196,18
~107L5
8%.09
126495
112,91
w2404
123410
11709
124,07
153453
136,09
208.08
208,08
208,08
201,02

injector
crossing

17413

Position

A R:)
in. in.
5/6 1/ downstrean
2/3 548 »
1/2 VR
1/3 3/8 "
1/3 3/4 "
Y6  s4 s
/6 3/ v
/3 s/ v
/6 23/8 o
1/2 1 "
2/3  11/8 "
5/6 3R 8

1 158 "
/6 8 v
L3 18 ¢
L3 12 v
3/2 1368
o/3 3/4 upstream
5/6  1f2 "
/2 34 ¢

Point
Velocity
FaPsSs |
53,73
55,92 :
-201.62
~167 .0l :
~77.55
26,86
65480
7247h
111,85
98,09
136,97
99432 ‘
113,97 |
190,58
206492 3
20L,58
204,58
203,08
87.73
176415
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TABLE IX
Position
A B Poirnt
'Y in, Velocity
FePule

5/3 7/8 downstream 16043
3/ 1/ u 15k.31
1 1/8 " ‘79 008
7/6 1/8 " 6007
7/6 5/4 " 58,03
5/ 5/3 u 41,03
1/2 5/8 " «37.99
1/3 3/ " ~41,03
1/ 6 1 . n "3}4068
1/6 74 v 69436
1/6 3/8 u ~126,95
1/3 3/2 . 86435
/2 198 " 112,91
/2 /4 " 1ok,
2/3 1 " =00.59
2/3  13/8 " 102.88
/5 1978 o 10356
5/6 3/ " 91475
11/6 38 " 162,66
3/2 1548 . 129,76
4/3 3/ " 112,91
1/6 19/8 " 93406
1/6 /4 " 7908
1 15/8 u 86e35

/3  1/2 upstream injector

crogaing
1/2 3/ " 136497
1 I/h " "77 -55

Position

A B Peint
in, ine Velocity
' PaFeSa
3/ /6 cownstream 147613
5/3 1/8 n 158416
L/3 1/8 » 137,85
1/6 5/8 " 3799
1 7/8 " 3sa68
2/3 38 v 62404
1/2 1 " 72Th
1/3 -7 B 62404
6 1173 U 4940l
1/6  19/8 " 86,35
1/3 1/8 " ‘1?2001
/3 17/ " 10k .0l
/2 23/8 i 118,11
2 nA " She3k
2/3 1 u 83452
2/3 11/8 " 11184
5/6 1 J 65480
5/6 1/3 J ~8li495
11/6 3/2 " 161418
/3  13/8 u 102,58
/3 178 n 102,488
/6 218 g 111.84
i 11,/8 " 67460
1/6 1/2 upatreanm 118,11
1/3 3/ " 136609
1/ 14 n «187,4L0
1 1/2 n 37499
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TABLE X
Position Positlion

A B Point A 2 Point
in, ine Velocity ine in, Velocity

FaPeSe FuPeSa
7/é 1/l upstream 131,60 5/6 1/li upstreanm 87473
2/3 N " ~93406 iR 1/2 " =111,02
1/2 3/h n 127,89 /3 1/2 " 100452
5/6 3/ " 131.60 1 1/h " 129476
2/3 1/% downstrean 10052 2/3 5/3 dowmstream «55430

5/6 5/6 n 69436 2/3 1 n 0
s/6 1 " 7755 2/3 1/ » 11403
/3 12/ " 53.73 2/3 15/8 67460
2/3 1158 i T247h 5/ 18/8 " 87.73
/2 19/8 v 7755 5/6  13/8 " 79.08
/2 23/ " 8less /2 18 " 65430
1/2 10/8 u .02 1/2 7/8 " ~53.73
1/2 5/8 ~79.08 i/2 i " «122,12
1/3 1/8 " «131.60 1/3 5/8 i ~82,07
1/6 1/8 " ~133.4L2 1/6 5/8 " 32 407
/6 10/8 " -21.93 /3 108 u 3L.68
/3 15/8 " 69,36 /6 13/8 " 43,87
1/6 2 n 538403 /5 e85/ " 7598
/3 118 " 7he38 /6  18/8 n 63495
5/6 23/8 " 903 1 17,/8 u 105.19
1 l0/3 i 109,67 /8 10/ " 129476
8/6 5/8 " 131,60 1 ¥/ " 120413
7/6 1/3 " 131460 /6 5/8 " 129,76
8/6 1 " 130468 9/6 1 " 131,40
5/6 1/8 " 79008 1/6 1/2 - upstream 111,64
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TABLS XI
Position

A B Point

in ine Velocity
F 2P aSe

5/6 18 downstrean 113.97
1/6 1/8 " 108,56
/6 1 n 131,60
9/6 34 v 131,60
9/6 108 o 130,68

1 9m 51l
5/6 5/8 " 50,07
5/6 1 u 21,93
56 1A S1.8)

1 58 69.36
/6. 198 v 71407
1/6 1/ " 129476
/3 1/2 " ~102.88
1/2 3/ " 62,04
2/3 10/ " .68
1/2 13/8 n 63.55
1/3 3/1‘ " "713-38
1/6 10/8 'R 26,86
V3 1A 65480
2/3 ]5/8 1 63495
ve 2w L9eds
1/6 19/8 " 60,07
7/6  14/8 " 83,52
5/6 1/2 upstream ~12976

oMo 6240k
1/3 1/2 " ‘153053

Posltion |
Point
ine in. Velocity
FoPoSe
1 1/8 downstrean 41,03
86 18 v 129,76
9/6 s/ w 131,60
8/6 5/8 " 123,10
/6 108 8773
1 /2 . n 43,87
5/6 3/8 n 82,07
5/6 108 - 31402 |
5/6 | 17/8 " 65480 i
5/6 23/8 " 79,08
2/3 3/8 " 98409
1/3 1/8 " 1404l
2 38 n 107
2 98 v 26486 \
2/3 12/8 o S1.hL
2/3 3/11 n ~62404
1/6 7/8 " ‘65 080
38 ~21453
1/2 2 " 7he38
g3 wf v 71407
/6 128w 21493
/3 128 n LSe0l
1/6 19/8 " 87,73
5/6 3/ upstrem  118.11
ZCEEE L 10715
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TABIE XIT
Positicon

A B Point
ine in, Velocity

FaPulye
7/6  19/8 downstreem 65480
1/2 19/8 u 32,07
1/3 178 " 63495
2/3 13/8 n 604C7
1 5/4 n ~21493
L/3 34 v 7107
3/2 1/8 " 12L407
11/6 3/8 n 132,51
5/3 1 " 128,83
11/6 15/8 n 123,33
5/3 11/8 " 117409
L/3 5/ " TL.07
3/2  25/8 " 99431
/6 23/8 " 77455
1 17/8 e 63495
5/6 c/a n 65480

2/3 9/3 u (¢]
2/3 /3 u -143.83
1/2 7/8 n ~65480
/3 30 " ~8773
1/3 5/ n «21493
1/6 7 u 26486
1/6 5/8 n -98409
1/2 1/4 upstrean ~148.76
S/6 1/2 " ~138472
1/6 i/2 # 3468
L/3 1/8 downstreaa 105,19

Position
A B Podrt
S -
5/6 19/8 dounatrean 75498
1/6  19/8 " Slehk
1/2 150 " 67460
5/6 1B » 3L468
7/6 1 n «26486
3/2 5/8 n 118.11 ;
5/3 1/8 " 129476
11/6 1/8 " 131460 |
11/6 7/8 n 132,51
5/2 15/8 n 133442
32 158 96485
W3 118 " The38
7/6  15/8 . 58403 )
7/6 3/2 " 43.87
1 /4 " Slehk
2/3 2 n 75498
2/3 5/8 " -90,L3
1/2 s/ " 31.02
1/2 5/8 n «9le34
1/3 3/8 " ~129.76
1/3 13/8 " 116453
1/6 s/ " «50.02
1/6 1/8 " “'153053
2/3 1/2 upstream injector crossing
1 N n L3.73
k/3 1/2 J 103456
1/6 1/ downstrean 69436
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| ZAELE X111
o Pogition Position
A B Polst A B Paint
in. ine Yaloclity in, ine Yeloelty
PePsrle * FaPeSe
L/3 S/8 downstream (3495 3/2 3/8 downstroan 80,59
L/3 1/8 b ~B9e09 /6 /3 " «127+39
3/2 i/2 " 58443 1l 1/h " «125463
8/6 1/8 LA ~150a37 2/3 /4 " =ik 66
1/2 1/8 " «~161418 1/3 b " w158416
1/6 1/8 n =165 959 1/% /8 U «1058.33
/6 54 o ~55452 /3 3y v «35 40
1/2 7/8 n i e 2/3 /8 " 70405
5/6 /3 n ~72e7h 1 1 n 53459
7/6 3/ w ~77455 1/6 S/ # 1,03
L/3 5/ " 2086 3/2 S5/ u 53473
5/3 s/l " 95051 11/6 s/h J 120,13
/6 18 B 134,31 5/3 3/8 u 117409
5/3 1/8 » 12540k Lyé 348 kK 132,52
n/sE 7/ " 105,19 /3 158 . 83,52
2 17/8 " 12853 3/2 7/’3 ® 55492
L3 138 ¢ 26486 43 Mmoo ow Slabls
/6 15/ u L4653 L3 1A " 42.03
2/ 17/5 " GRalls 7/6 17/3 ® 55403
/6 198 » 8395 5/6  19/8 " 8059
1 17/8 " 63455 1 1348 " 3LebB
5/6 15/8 " 65430 5/6 3/2 " 41,03
5/6 9/8 n w653 2/3 9/8 o 10 ol
2/3 3/2 " Lkl.03 2/3 3848 u 6760
2/3  11/8 " 77455 /2 19/8 " 79,08
/2 5/ " 31402 /2 13/8 u Li5eCh
1/2 P " 85430 /3 5/8 u ~50e 07
1/3 3/2 " 2193 1/3 158 § Sl.ld
/3 1/8 ¢ 6240l /6 1948 ¢ S1uldy
Y6 15/ " 26486 1/3 1/ upstreas ~171e30
i/2 1/2 upstreas injector 5/0 1/2 " «17130
crosaging
1l 14 u «155409 3/2 /4 u 10288
1/3 3/ s 121,13 2/3 3/ » injentor crossing
2/3 1 " 126455 1 3/ " injector crossing
i " 129,76 L/3 3/h w 1.7
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TABLE XIV
Fosition
roint A B
Velocity ine ine.
FeFPeSe

Position
A B
in, ine
2/3 1/8 dounstrean
/3 38 "
1/2 LY/ S
/3 13/8 "
/2 15/8 "
s/6 1948 "
56 5A
/6 1/8 ®
Y3 8 "
1/6 1/2 n
Y6 158 v
1/2 1/2 upetream
1/2 VIO
1/6 1/k °

Foint
Velocity
FePele

178,19 1/2 1/l downstrean
173.40 1/2 3/ "
7598 1/3 9/8 u
93,06 /3  17/8 w
115,02 12 1948 ¢
190.58 s/6 S/ v
198,61 1 1/8 "
208,08 7/6  5/8 "
-208 408 /3 58 "
-1L9.57 1/6 5/s "
101470 1/6 Mmoo
188,63 1/3 1/b upstresn
21493 1/3 1/2 "

injector 1/6 1/2 n
erossing

=37.73
=75.98
~37499
116,06
131,60
198,61
20L,58
200,08
=136409
k9 dl
~75098 \
injector crossing
176.83
150637
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TABIE XY
Position
ITET a
FoPeBs

5/6  1/8 dounstroam 198401
1/6 1/ " 208,08

1 34 w 20458
/6 9/ w 208,08
2/3 7/8 u 69430
/3 34k ~110476
2 osp 37499
2/3 188 v 118,11
1/2 7/8 u ~8Le95
/3 32w 32407
1/6 s/ n ~21493
/3 11/ " 116408
/6 198 » 10845k
2/3 3/8 " 62404
1/3 1/2 upstrean 169.89
2/3 1/2 " 196471
1/3 14 u injector

crossing

L3 12w 209480

Poaition

A B Point

in, in. Velocity
FePeSe

1 1/8 downstresm 199422
7/6 38 " 203,08

1 5/ " 198,01
5/6 9/8 . 165459
1/2 5/8 “ =1234,10
1/; 5/ " Loeals
2/3 5/h " Slie3k
1/2 3/ " 72474
1/3 7/8 " ~36435
/6 138 711438
1/6 5/8 " ~131.60
1/2 2 " 1oh.0h
1/2 1/8 " «210.38
1/6 1/2 vupstream 17495
1/2 1/2 n 169489
2/3 /L . 18L,16

1 1/2 n 205.75
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TABLL XTI
Position
A B Point
in. in. Velocity
FaPaSe

5/6 1/8 dowmstrean 202422
L/3 1/8 " 207450

1 3 v 37459

1 snh 75458
s/6  11/8 n 98.09
2/3 5/ " =31.02
2/3 ums r 113,97
1/2 2 " 113.97
/2 948 ¢ 126,83
/3 138 " 60407
1/6 s/ " «90a413
1/6 i3/ v 80459
1/6 1/ " ~21)190
/3 2 " 186421
5/3 3/8 v 210435
2/3 5/8 " =155.87
/3 5/8 " -158415
L/3 1/2 upstream 208,08
1/6 1/2 " 161416
/2 3 " 186476
5/6 36 ° 199422

Poslition
A B Point
ine in. Yelooity
FaPeSe
1/6 1/8 downstrean 199482
5/6 18 ° ~T2.Th
1 1/h " 53.73
1l 2 u 108456
5/6 32 » 43487
2/3 u1m 7755
1/2 3/2 " 7247k
1/2 1 n =93406
1/3 17/8 " 10L.7C
/3 /8 ¢ ~50443
1/6 /% " 0
1/6 3/ " <1hko66 )
L/3 5/8 ® 203,08
5/3 15/8 " 210495
L/3 5/k n 199422
/2 3/ v ~200e42
32 8 208465
1 1/2 upstream 172470
1/2 1/2 # injector crossing
2/3 1/2 “ injector crossing
1 /1 " 1758419




TABLE XVII
Position
A B Point
in, in,. Velocity
FoPeSs

/2 7/3 dounstrean 147413
11/6 1/8 * 20h.58
3/2 1/8 " 18611
b5 S/ u 69435
7/6 15/8 " 69436
32 15/8 o 118,11
3/2  19/8 " 124,07
7/6 15/8 " 06485
/2 198 u 117.09
1/6 15/8 " 413487
12 15/8 " She3lk
5/6 13/8 " 71407
1l s/ " =55 436
2/3 5/’4 ¥ "’31002
1/3 s/k " ~59436
1/6 5/3 n ~161410
w :-7/0 " “'206'38
2/3 3/4 " =~13697
5/6 1/8 " ~220e43
7/6 34 u ~99.31
1/6 1/4 upstrean =135421
7/6 3/k " 65480
L/3 3/3 n 17k 09
/3 3/ " 178419

s/6 1/2 " injector

erossing

Position
A 8 Point
in, in, Yelocity
FaPeSse
5/3 1/8 downstrean 203,40
1/6 1/8 n ~151,16
L/3 1/8 ® 96485
7/ 6 S/ h n "h3.87
L/3  15/8 u 87473
5/3 11/8 n 155409
11/6 18/8 " 104,82
5/6 198 117.69
/6  15/8 " 7247k
/3. A " 7247k
2/3 7/ n 86435
1 15/8 " T72.7h
S/6 9/8 " «82407
12 1A o 0
1/6 5/ n -91475
1/6 1/8 "
1/2 5/8 " ~160eh3
5/ 6 5/8 " 'H&’T .13
1 3/8 w ~165419
1/2 1 " ~-She3l
7/6 1/2 upstream ~128,83
L/3 172 " 9043
1/6 1/2 H 150437
2/3 3/ u 156464
1l 3/L " =126495

injector croszing .
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TABLE XVEIIX
Position
12. 1§, vmiw
FePeSe

1/2 1/8 downstrean ~153492
5/6 1/8 8 151,16
1/6 1/3 " 156464
/6 s/ 15606k
12 198 ® 98.09
1/2 54 n Lok
/5 3/ " ~80e5%
/3 32 ¢ 71407
16 198 86435
1/6 1/8 " =7107
1/3 1/8 " «~159468
2/3  15/8 u 96485
5/5 5/, " 129,76

1 13/8 " 150437
1/6 1/2 upstreanm 118.11
5/6 14 U 151.96

T ,.n..‘.‘.w...-;-.«mf_l‘"—'

Position
ry B Point.
ine 1ne Yeloclity
FePeSe
2/3 1/8 dovmstrean 127.89
1 1/8 " 155409
1/6 5/8 n 158416
/6 9p/ " 17k0
12 58 ~87473
12 138 w The38
/3 98 e 3ke68
1/3 1/ » 9he3k
16 13/8 n 63.95
1/6 1/h u ~151.96
2/3 7/8 " 65480
56 198 v 125404
1 3/ n 155409
32 A" 159.88
1/2 1/2 upstream WS kg
32 3w 159468
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TABLE XIX
Position
A B Point
in, ine Velocity
FePaSe
5/6 1/3 downstresm L3.87
2/3 S/8 " -83452
5/6 S/ " 1107
1/2 [/ ~620l
12 38 ¢ ~126400
1/3 3/ " 09409
/3 1348 v The3B
1/6 19/ ¢ B0e59
SV 7 -31402
6 18 " =165459
L/3 18 " 158416
L3 18/8 v 158416
1/6 L7 161,18
/6 198 ® 136497
1 1 " 116,406
LY T/ 79408
2/3 1B ° 63495
/2 1B 83.52
1/6 1/2 upstream 118.11
s/6 1/h u 151,96
1 1/ " 126400

Position
A B Point
in, in, Velocity
FePaSe
2/3 1/8 downstream L7413
5/6 5.8 " L1653
2/3 sS4 ¢ 37499
LV & Vi B 55492
/3 im v 155409
1/3 9/8 ¢ 0
13 us ¢ 93406
/6 A om 55492
1/6 5/8 " ~10745
7/6 1/8 " 148476
43 5B/ ¢ 158416 \
3/2 5 w 160443
7/6 7/8 " 147,13
1 15/8 " 110476
16 198 00 161,18
5/6 19/8 " 93406
2/3 1B " 83e52
/2 19/8 " 96485
1/2 1/2 upstream 1549
3/2 N " 159.68
|
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TABLE XX
Posgition

A B Point
ine in, Velocity

FePaSe
1 1/2 downstream <1244 07
11/6 1/8 " 161418
5/3 5/8 U 158416
1 /8 * ~91475
1 15/8 " 60,07
7/ 6 5/8 " ‘9&03&
L/3 15/8 " 69436
L/3 /5 . L3.87
32 198 v 96485
11/6  19/8 " 147,95
56 198 » 98409
5/6 $/8 " ~62,4 0l
1/6 3/8 u ~90els3
2/3 1/8 " =129,76
/2 58 e ~hg.0l
/6 7/8 " 21.53
/6 158w 51.ll
/3 17/ n 82407
/3 13/ u 6760
/2 qm v 89409
2/3 s/ " 67460
23 wm ow 10745
1 3/ upstream ~12540k
7/6 3/ w 89405
L3 im0 e 125.0L
1/2 3/ n 130468

e _...A..‘.M,,..._..‘Fr.-

Position

A B Polnt

ine. ine Velmiw
F .P.SO

3/2 1/8 dovmstrean 148,76
5/3 18 n 158416
5/6 5/8 n ~120,13

1 3/2 u 21.53
7/ 6 5/?4 : " 'h3.87
(V4T 7/ 46453
/6  13/8 n 77455
3/e 5/ " 109467
5/3 118 " 125,04

1 17/8 n 7755
5/6 T/ " 7207k
5/ 6 1/8 " ‘1724009
/3 18 v ~120,13
2/3 A " ~49.0h
/3 58 <6760
1/ 6 5 ﬂ‘ " "31.02
1/6 15/8 " 67460
1/3 9/8 u 31.02
12 198 " 102688
1/2 5/ " 69436
2/3 1548 " $1475

1 1/ upstrean «17L.09

1 1 u 161,92
7/6 1/h " =116, 06
5/6 1 w 160443
1/3 1/2 " ~105.13




